Maternal immune activation during prenatal development, including treatment with the viral RNA mimic, polyriboinosinic-polyribocytidilic acid (poly IC), serves as a widely used animal model to induce behavioral deficits reminiscent of schizophrenia and related disease. Here, we report that massive cytokine activation after a single dose of poly IC in the prenatal period is associated with lasting working memory deficits in adult offspring. To explore whether dysregulated gene expression in cerebral cortex, contributes to cognitive dysfunction, we profiled the cortical transcriptome, and in addition, mapped the genome-wide distribution of trimethylated histone H3-lysine 4 (H3K4me3), an epigenetic mark sharply regulated at the 5′ end of transcriptional units. However, deep sequencing-based H3K4me3 mapping and mRNA profiling by microarray did not reveal significant alterations in mature cerebral cortex after poly IC exposure at embryonic days E17.5 or E12.5. At a small set of genes (including suppressor of cytokine signaling Socs3), H3K4me3 was sensitive to activation of cytokine signaling in primary cultures from fetal forebrain but adult cortex of salineand poly IC-exposed mice did not show significant differences. A limited set of transcription start sites (TSS), including Disrupted-in-Schizophrenia 1 (Disc1), a schizophrenia risk gene often implicated in gene-environment interaction models, showed altered H3K4me3 after prenatal poly IC but none of these differences survived after correcting for multiple comparisons. We conclude that prenatal poly IC is associated with cognitive deficits later in life, but without robust alterations in epigenetic regulation of gene expression in the cerebral cortex.
Introduction
Maternal infection during pregnancy with a variety of infectious agents-including viruses such as influenza, rubella, herpes simplex virus and others, as well as bacteria and parasite such as toxoplasma have been shown to increase risk of neuropsychiatric disease in offspring, including schizophrenia and autism (Brown and Derkits, 2010) . The magnitude of the problem is illustrated by the potentially large number of affected cases -up to one-third according to some estimates (Brown and Patterson, 2011 ) -highlighting the need for an in depth analyses of the underlying pathophysiology of disease and the prevention thereof. Consequently, several model systems have been developed in order to explore the consequences of immune activation in the pregnant rodent. These include infection with certain types of influenza virus, protozoa or bacterial lipopolysaccharides . While each of these models show important differences in pathophysiology and translatability to the human condition, one of the most popular models involves the viral RNA mimic polyriboinosinic-polyribocytidilic acid (poly IC) which is thought, via activation of various proinflammatory cytokines, to negatively affect brain function and behavior in adult offspring (Meyer et al., 2009; Boksa, 2010; Kneeland and Fatemi, 2012) . In particular, poly IC administered as a single dose during mid-or late gestation is widely used to induce behavioral alterations reminiscent of schizophrenia and related disease. These include deficits in cognition, social behaviors, sensorimotor gating and filtering (acoustic startle inhibition) and heightened sensitivity to psychotogenic drugs including dopaminergic agonists and NMDA receptor antagonists . However, while there is broad consensus that the prenatal poly IC model is associated with abnormal behaviors later in life, surprisingly little is known about the underlying cellular mechanisms. For example, long-range synchronization of prefrontal-hippocampal assemblies (Dickerson et al., 2010) and plasticity of hippocampal synapses are abnormal, together with decreased expression of presynaptic proteins (Oh-Nishi et al., 2010) . There is also conflicting evidence for loss of neurons (or lack thereof) after prenatal poly IC exposure (Zuckerman et al., 2003; Oh-Nishi et al., 2010) . However, a molecular signature in the adult brain, indicative of poly IC exposure at a much earlier developmental stage, has yet to be determined. Remarkably, recent microarray studies on cerebral cortex and other brain regions prenatally exposed to poly IC or influenza virus identified subtle changes in only a small set of 40-60 genes (Fatemi et al., 2005; Smith et al., 2007) . This would suggest that the behavioral defects after prenatal poly IC are not accompanied by a robust change in the gene expression program of the cerebral cortex. Given the important role of the prenatal poly IC paradigm in the context of maternal immune activation and offspring neuropsychiatric disease, the goal of the present study was to further explore gene expression functions in the cerebral cortex of mice exposed to maternal poly IC or saline injections during prenatal development, using microarrays for genome-wide transcript profiling. Because changes in chromatin structure and function are tightly linked to transcriptional regulation, the present study also employed chromatin immunoprecipitation followed by massively parallel sequencing (ChIP-Seq) to chart on a genome-wide scale the distribution of trimethylated histone H3-lysine 4 (H3K4me3). This chromatin mark is involved in epigenetic control of gene expression and sharply regulated at transcription start sites (TSS) of many active genes, and while it shows on a genome-wide scale a loose correlation with gene expression levels, it is associated at specific promoters not only with activation but also with repression of transcription (Shi et al., 2006; Guenther et al., 2007; Kanhere et al., 2010) . Because H3K4me3 is highly regulated during cortical development and involved in the neurobiology of schizophrenia , we speculated that epigenetic dysregulation after fetal poly IC exposure will include TSS-associated changes in cortical histone H3K4me3 methylation of multiple genes.
We report that exposure to poly IC at late gestation (embryonic day 17) leads to deficits in working memory of the adult animal. However, gene expression profiling in adult cerebral cortex revealed only minimal changes and furthermore, a very small subset of the annotated transcription start sites (TSS) from altogether less than 30 genes, including Disrupted-in-Schizophrenia 1 (Disc1), showed altered histone H3K4me3 methylation after prenatal poly IC (compared to saline exposed controls) but none of these differences survived correction for multiple comparisons. Taken together, the findings reported here suggest that the molecular pathology after prenatal poly IC exposure could be very subtle, and may include epigenetic dysregulation of Disc1 and other illness-relevant genes without changes in steady state levels of the corresponding RNAs.
Materials and methods

Animals
C57BL/6J mice 10-12 weeks of age were obtained from Jackson Laboratories (Bar Harbor, ME) and housed in a temperature and humiditycontrolled environment and maintained on a 12 h light-dark cycle, with food and water provided ad libitum. Mice were allowed to acclimate for at least one week prior to breeding. Mice were mated overnight and the presence of a vaginal plug constituted embryonic day 0.5 (E0.5).
Poly(I:C) injections
On E12.5 or E17.5, pregnant females received an injection of 5 mg/kg poly(I:C) (potassium salt; Sigma, St. Louis, MO) freshly reconstituted in sterile 0.9% sodium chloride via the tail vein route under mild physical constraint. The injection volume was 5 ml/kg. Control females received an injection of saline solution.
Maternal serum cytokine ELISA
A subset of females (n=3 per group) was sacrificed 3 h following poly(I:C) or saline injection and blood was collected via cardiac puncture.
Blood was allowed to clot at room temperature for 1 h, centrifuged at 12,000 rpm at 4°C, and the serum was aliquoted and stored at −20°C until the cytokine analysis was performed.
Levels of four cytokines (interleukin-6, IL-6; tumor necrosis factor alpha, TNFα; interleukin 1 beta, IL-1β; and interferon gamma, IFNγ) were measured in maternal serum using a SearchLight® Proteome Array (Aushon BioSystems; Billerica, MA), a quantitative multiplexed sandwich ELISA containing capture antibodies spotted on the bottom of a 96-well polystyrene microtiter plate. The bound proteins were detected by the subsequent addition of a biotinylated detection antibody, streptavidin-horseradish peroxidase (HRP), and chemiluminescent substrate; chemiluminescent signal was measured with the SearchLight Imaging System's cooled charge-coupled device (CCD) camera.
Fetal brain cytokine ELISA
Another group of pregnant females were injected with poly(I:C) at E12.5 or E17.5, sacrificed 3 or 6 h later, the fetal pups were removed, and the brains were dissected and frozen at −80°C. Fetal brain tissue was prepared for cytokine ELISA by dounce-homogenizing 3 whole brains per litter in 400μl 0.1M phosphate-buffered saline (PBS), pH 7.4, containing 24µl/ml Complete Protease Inhibitor Cocktail (Roche Diagnostics; Indianapolis, IN) for 1 min on ice. Tissue homogenate was transferred to a 1.5 ml tube, centrifuged for 5 min at 13,000 rpm at 4°C, and the supernatant was transferred to a new tube. IL-6 protein was measured as described above.
Cell culture work
Cells were prepared from forebrain of embryonic day 14.5 (E14.5) SASCO SD rat embryos (Charles River Laboratories; Wilmington, MA). Live cells were plated at 1.2-1.4× 10 6 cells per 100 mm polystyrene Petri dish (VWR; West Chester, PA) coated with poly-L-lysine (Sigma; St. Louis, MO), 15 μg/ml poly-L-ornithine (Sigma), and 1 μg/ml fibronectin (R&D Systems; Minneapolis, MN), and treated daily with 1 μg/ ml fibroblast growth factor 2 (FGF2) (R&D Systems). At 6 days in vitro (DIV), cells were passaged and stored in dimethyl sulfoxide (DMSO) in liquid nitrogen. For experiments intended for RNA and protein extraction, cells were removed from liquid nitrogen, re-suspended in media with D-MEM/F-12 (Invitrogen; San Diego, CA) with 2 μg/ml FGF2, plated on pre-coated polystyrene 6-well plates (BD Biosciences; Franklin Lakes, NJ) at 0.27-0.28 × 10 6 cells per well, and grown until approximately 95% confluent (for experiments with undifferentiated cultures). Alternatively, for experiments with differentiated cultures comprising primarily neurons and a smaller proportion of astrocytes and undifferentiated cells , denser plating was performed (0.69-1.0 × 10 6 cells per well) and after expansion for 1-3 days FGF2 was withdrawn and the cells were allowed to differentiate for 3 days before treatment with IL-6 and IL-6R. For dose-response experiments, the six wells of each 6-well plate were treated with 0, 5, 10, 50, 100, or 150 ng/ml of recombinant human interleukin-6 (IL-6; Peprotech; Rocky Hill, NJ) and recombinant human soluble interleukin-6 receptor (IL-6R; Peprotech) for 12 h. As an additional control, some plates were co-treated with the above doses of IL-6 and IL-6R plus 1.5 μg of IL-6 neutralizing antibody (#CBL2117; Millipore). Cells intended for RNA extraction were harvested as follows. Following IL-6/IL-6R treatment, cells were rinsed with PBS, incubated in 1× Hank's Balanced Salt Solution (HBSS; Invitrogen) for 5 min at 37°C, and detached by forcefully pipetting the HBSS over the cells with a fine-tipped pipette. The cell suspension was transferred to a 1.5 ml tube, centrifuged for 10 min at 8000 rpm, and the cell pellet was frozen at −80°C. Plates containing cells for protein extraction were rinsed with PBS and stored at −80°C.
Behavior
Working memory was assessed in 10-week old offspring employing the T-maze. Mice tend to alternate between the two arms of the maze because they prefer to explore the more novel environment, a behavior known as spontaneous alternation, and this behavior is dependent upon an intact working memory. The apparatus was constructed from white plexiglass and consisted of a home arm and a perpendicular arm. The mouse was placed in the home arm and allowed to choose between the left and right arms, at which point the opposite arm was blocked off, forcing the mouse to return to the beginning; the blocked arm was then opened and the mouse was then allowed to make another choice. Mice were given 15 choices for a total of 14 possible alternations; the same test was administered on two consecutive days. A total of 78 E12.5 offspring were tested (saline n = 51 [9 litters]; poly(I:C) n =27 [8 litters]) and 62 E17.5 offspring were tested (saline n = 28 [10 litters]; poly(I:C) n = 34 [12 litters]).
Microarray
Cortex was dissected from 10 fresh frozen E17.5 brains (poly(I:C) = 5, saline= 5) and six E12.5 brains (poly(I:C) = 3, saline= 3) and the RNA extracted and processed for Affymetrix GeneChIP Mouse Gene 1.0 ST arrays. Total RNA was extracted employing the RNeasy Lipid Tissue Mini Kit (Qiagen; Valencia, CA). Following dissection, the right cortex from each mouse was frozen at −80°C, dounced in 1 ml QIAzol Lysis Reagent and RNA was isolated according to the manufacturer's instructions. RNA integrity (RIN) assessed with a 2100 Bioanalyzer (Agilent; Santa Clara, CA). Labeled, fragmented single-stranded cDNA was prepared and hybridized to Affymetrix GeneChIP Mouse Gene ST arrays, then washed, and scanned with the Affymetrix GeneChIP Scanner 3000 7G according to the manufacturer's instructions.
Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
Total RNA was extracted from the cortex as described above and, from different animals, selectively from the prefrontal cortex (Van De Werd et al., 2010) . qRT-PCR was performed using the Quantifast SYBR Green RT-PCR kit according to manufacturer protocol (Qiagen; Valencia, CA). Primer sequences for 18S and hprt have been previously described (Schleicher et al., 2005; Jiang et al., 2010) . Other primer sequences used are as follows: disc1 (5′-GGATGGCATACATTGCTCAGGGAA-3′ and 5′-TATCGTAATCGCCATCCTCGACCA-3′) nostrin1 (5′-TTAGCTACGCCAA AGGGCTTCAGA-3′). All reactions were carried out on an Applied Biosciences 7500 and analyzed using the Pfaffl method (Pfaffl, 2001 ).
Microarray data analysis
Quality of microarray data was assessed employing the Bioconductor package, arrayQualityMetrics (Kauffmann et al., 2009) . Microarray data was then uploaded to MicroArray Computational Environment 2.0 (MACE), which employs Robust Multiarray Average (RMA) to preprocess raw oligonucleotide microarray data. The preprocessed data were stored as base 2 log transformed real signal numbers and used for fold-change calculations and statistical tests.
Mean signal values and standard deviations were first computed for each gene across samples and the fold-change of expression of a gene between treatment groups was calculated by taking the ratio of these mean signal values. To determine differential expression of genes MACE internally conducts a Student t-test with the expression signal values of the two hybridizations for all genes in the set. GO enrichment analysis was performed by using topGO package from Bioconductor.
Chromatin immunoprecipitation (ChIP)
Nuclei were extracted from cortex of 6 twelve-week old E17.5 poly(I:C) offspring and 6 saline offspring; mice were derived from 6 independent litters with n = 3 males and 3 females per group. The whole cortex was dissected, frozen at − 80°C, and nuclei were extracted in hypotonic lysis buffer and purified under a sucrose gradient by ultracentrifugation. Nuclei were resuspended in 200 μl buffer (10 mM Tris-base, 4 mM MgCl2, and 1 mM CaCl2; pH 7.5). Chromatin was digested with micrococcal nuclease (4 U/ml) for 5 min at 37°C and the reaction was stopped by the addition of 0.5 M EDTA, pH 8 (1:10). Subsequently, 350 μl of hypotonic solution (0.2 mM EDTA, PMSF 1:1000, DTT 1:3000, and benzamidine 1:2000; pH 8.0) was added to each sample, and samples were pre-cleared by rotating for 30 min with 45 μl of protein G agarose beads (Millipore; Billerica, MA) re-suspended in frozen storage buffer (FSB: 20 mM Tris-base; 5 mM EDTA, and 50 mM NaCl; pH 7.5). Samples were then centrifuged for 5 min at 3000 rpm at 4°C and the supernatant was transferred to a new tube; 500 ml of H3K4me3 antibody solution (4 μg rabbit anti-H3K4me3 antibody [#07-473; Millipore] and 15 μg H3K4me2 peptide [Abcam; Cambridge, MA] pre-incubated for 1 h in 1 × FSB with 0.2 mM EDTA, pH 8) and 50 ml of 10x FSB were added and samples were rotated overnight at 4°C. The next day, samples were incubated with 90 ml protein G agarose beads re-suspended in 1 × FSB for 1 h at 4°C and then centrifuged for 1 min at 3000 rpm and the supernatant was discarded. Beads were rotated for 3 min with 1 ml low salt buffer (20 mM Tris-base, 150 mM NaCl, 2 mM EDTA, 1% Triton-X100, and 0.1% SDS; pH 8.0), centrifuged for 1 min at 3000 rpm, and the supernatant was discarded; beads were then sequentially washed with 1 ml each of high salt buffer (20 mM Tris-base, 500 mM NaCl, 2 mM EDTA, 1% Triton-X100, and 0.1% SDS; pH 8.0), lithium chloride buffer (250 mM LiCl, 10 mM Tris-base, 1 mM EDTA, 1% Igepal CA-630, and 1% deoxycholic acid; pH 8.0), and TE buffer (10 mM Tris-base and 1 mM EDTA; pH 8.0). Chromatin was eluted from beads by rotating for 15 min in 250 ml elution buffer (100 mM NaHCO 3 and 1% SDS) and then centrifuging for 1 min at 3000 rpm; the supernatant was transferred to a separate tube and set aside. An additional 250 μl elution buffer was added to the beads and vortexed for 15 min; samples were centrifuged for 5 min at 13,000 rpm and the supernatant was combined with the first 250 μl. Proteins were digested by incubating samples with 2.5 μl proteinase K (10 mg/ml), 10 μl of 0.5 M EDTA (pH 8.0), and 25 μl Tris-HCl (pH 6.5) for 3 h at 52°C, and DNA was extracted, precipitated and washed using standard procedures. DNA was re-suspended in 36 μl 4 mM Tris-HCl (pH 8.0) and 2 μl used for measuring DNA concentration; the remaining 34 μl was used for preparation of libraries for deep sequencing.
Deep sequencing of chromatin immunoprecipitates
Immunoprecipitated DNA was processed for deep sequencing as follows. The ends of the DNA fragments were blunted using the End-it DNA Repair kit (Epicentre; Madison, WI), the reaction was cleaned with the QIAquick Gel Extraction kit (Qiagen; Valencia, CA), and the fragments were A-tailed by incubating with 0.2 mM dATP and 0.8 U/μl Exo-minus Klenow DNA polymerase in 1x Klenow buffer for 1 h at room temperature. Subsequently, the reaction was again cleaned with the QIAquick Gel Extraction kit and the Genomic Adaptor Oligo Mix (Illumina; San Diego, CA) was ligated to fragments overnight at 16°C employing the Fast Link kit (Epicentre). The next day, fragments were PCR-amplified with Illumina single-read primers, the reaction was cleaned with the QIAquick kit, and fragments around 250 base pairs were gel-purified. The H3K4me3 ChIP libraries were deep sequenced by an Illumina Genome Analyzer (GA II).
ChIP-Seq data analysis
Raw sequence reads were aligned to the rat reference genome (version rn4) using Bowtie (Langmead et al., 2009) to determine the total number of reads per library, as well as the number of uniquely-mappable, multi-mappable, and non-mappable reads. Only uniquely aligned reads with up to 1 mismatch were considered in this analysis and reads mapping to forward and reverse strands were pooled. The aligned sequence data was converted to ELAND format and, concurrently, normalized for sequencing depth by randomly sampling the same number of reads from each library (the lowest number of uniquely-mappable reads). Genomic regions significantly enriched for reads -called peaks -were detected with MACS (Zhang et al., 2008) and the percentage of proximal (b2 kb from a transcription start site, or TSS), medial (2-10 kb from TSS), and distal (> 10 kb from TSS) peaks was determined. Data from normalized libraries was uploaded to the University of Southern California (UCSC) Genome Browser, which allows visualization of H3K4me3 levels in each sample genome-wide.
After confirming that each library was of good quality (i.e., possessing both a high percent of uniquely-mappable reads and proximal peaks), group differences in H3K4me3 levels within TSS (0 bp) and + 500 bp were measured employing the DESeq Bioconductor package (Gentleman et al., 2004; Anders and Huber, 2010) . Read counts per gene region were calculated using the Genominator package (Bullard et al., 2010) from Bioconductor 2.7, the count tables were annotated, and differential H3K4me3 was inferred using the DESeq. Comparing treatment groups with DESeq offers an advantage over MACS, because it measures all reads within defined genomic intervals. Thus, it is possible to detect regions with H3K4me3 levels significantly altered by treatment that do not necessarily contain a statistically significant peak as called by MACS.
To evaluate the significance of differences between the poly IC and saline group, the list of transcripts was filtered according to read counts and genes were kept in the list if the read count for a gene was at least 10 in any replicate for either poly IC or saline. This left 8308 genes. The p values of differential expression for the filtered genes was adjusted with the multtest package (Pollard et al., 2011) .
Results
Cytokine levels after poly IC injections
Because interleukin 6 (IL-6) from maternal tissues is now thought to be a key mediator for the effects of prenatal poly IC on the developing brain, including the behavioral abnormalities later in life (Samuelsson et al., 2006; Smith et al., 2007; Hsiao and Patterson, 2011) , we measured IL-6 levels in maternal serum 3 h after a tail vein injection of 5 mg/kg poly IC. Indeed, there was a significant, 100-1000 fold increase in IL-6 levels in serum of poly IC treated E17.5 dams, compared to saline controls (Fig. 1A) . This poly IC-mediated upregulation of IL-6 levels at E17.5 was specific, because other cytokines showed either a less robust tumor necrosis factor alpha (TNFα) or no increase (interleukin 1 beta, IL-1β, interferon gamma, IFNγ) in the maternal serum (Fig. 1B-D) . Similar poly IC-mediated changes were observed in serum of E12.5 dams (Fig. 1A-D) . There was also an increase in IL-6 levels in the poly IC-exposed fetus when sampled 3 h post injection, albeit at least in brain these changes showed considerable variability from litter to litter (Fig. 1E) . Following 6 h post poly IC injection, fetal brain IL-6 injection was indistinguishable from baseline (data not shown).
Working memory in adult mice is altered after E17.5 poly IC
The profile of poly IC-induced behavioral changes in adult offspring differs depending on the timing of the insult, with prominent deficits in sensorimotor gating when administered during the first half of gestation while robust changes in working memory and cognition occur after exposure at later prenatal stages . Because in the present series, poly IC induced a robust and consistent increase in IL-6 serum levels of E17.5 dams, we predicted that their adult offspring will show deficits in alternating choices in the T-maze, a working memory paradigm. Indeed, this is what we observed. The E17.5 poly IC mice showed a significant decrease in the number of alternating entries into the maze's two arms, in comparison to E17.5 saline animals ( Fig. 2A) . These behavioral sequelae of prenatal poly IC were specific for the E17.5 timepoint, because E12.5 poly IC did not negatively impact working memory function (Fig. 2B) , which is consistent with other studies .
No significant changes in the cortical transcriptome of poly IC exposed mice
A recent microarray study on adult cerebral cortex of animals exposed to poly IC at E12.5 revealed only a small number of transcripts (N= 61) showing altered expression in comparison to saline controls (Smith et al., 2007) . This is surprising given that the prenatal poly IC paradigm elicits robust behavioral changes in the adult. Therefore, we wanted to re-examine this issue by microarray-based gene expression profiling of adult cerebral cortex from E12.5 and E17.5 poly IC exposed animals and their saline-treated controls (N=5 animals/group). Remarkably, and in good agreement with the aforementioned earlier work (Smith et al., 2007) , our studies revealed only subtle changes in expression for both the E12.5 and E17.5 poly IC groups. Most transcripts showed less than 2-fold changes from the control and none of these differences were significant when corrected with the false discovery rate (FDR); Fig. S1A and B highlights for each poly IC group the top 50 differentially expressed genes compared to each of their control group, respectively. We conclude that poly IC-exposure during prenatal development has relatively mild, and mostly non-significant effects on the cortical transcriptome in adulthood.
Transcription-start site (TSS)-associated histone methylation markings (H3K4me3) are maintained in cerebral cortex of poly IC exposed mice
The overall non-significant differences in steady state RNA levels of saline and poly IC exposed mice would suggest that the cortical transcriptome is only minimally affected after prenatal poly IC. However, regulation of gene expression could be a highly dynamic process not fully captured by measurement of baseline RNA levels. Therefore, in order to further examine transcriptional regulation after poly IC and maternal immune activation, we conducted genome-wide mappings of tri-methyl-lysine 4 (H3K4me3). This epigenetic mark is linked to the transcriptional initiation complex and activated RNA polymerase II, thereby providing a docking site at the 5′ end of genes for chromatin remodeling complexes that either facilitate or repress transcription (Shilatifard, 2008) . To determine whether prenatal exposure to inflammation was capable of inducing long-lasting H3K4me3 landscapes in cortical chromatin, ChIP-Seq was performed on whole cerebral cortex of 12 week old E17.5 poly(I:C) and saline mice. We chose to focus on the E17.5 offspring, because these mice displayed significantly impaired working memory as assessed by the T-maze. Alignment of raw reads to mouse genome revealed total library sizes ranging from 2.4 × 10 6 to 23.0× 10 6 total reads (Fig. 3) . A high percentage of total reads was uniquely mappable to mouse genome (87% for both saline and poly(I:C) mice), while smaller percentages were multi-mappable or non-mappable (8.5% and 4.0%, respectively) (Fig. 3A) . Following normalization to the lowest number of uniquely-mappable reads (1.94× 10 6 ), analysis with MACS determined similar numbers of total peaks in poly(I:C) and saline mice (14,907 and 14,847, respectively), a high percentage of which was proximal (within 2000 bp) to annotated TSS (79% in both treatment groups), demonstrating the H3K4me3 immunoprecipitation worked efficiently across all experimental conditions (Fig. 3B) . Comparison of H3K4me3 levels from nucleosomes positioned within 500 bp from the 36,902 annotated TSS in the mouse genome (mm9, ENSEMBL) in poly(I:C) cortex to saline revealed less than 25 loci that showed subtle fold-changes (Fig. 4) . In total, 17 genes demonstrated increased H3K4me3 levels between 1.25 and 1.61-fold, while 6 genes showed decreased H3K4me3 levels between − 1.26 and − 2.47-fold. Interestingly, among these were the susceptibility gene Disrupted in Schizophrenia 1 (Disc1), which was decreased − 1.34-fold in the poly(I:C) mice (Figs. 4 and 5) , the GABA-B receptor gene Gabbr1, and fragile X gene Fxr1 as a negative regulator of protein synthesis and various molecules involved in gene expression control (Fig. 4 and Table S1 ). However, none of the p-values for the H3K4me3 changes at the 24 genes survived correction for multiple comparisons using the false discovery rate (FDR). Furthermore, consistent with the negative findings from the aforementioned microarray studies, follow up qRT-PCR studies revealed that the H3K4me3 deficits at the TSS of Disc1 in the poly IC exposed cortex were not associated with a robust alteration in levels the corresponding gene transcripts (Disc1/Hprt 'housekeeping' gene transcript, mean ± S.D.; poly IC group, 0.94 ± 0.22; saline 0.89 ± 0.12, N = 4/group). Similarly, other genes showing subtle H3K4me3 differences between the poly IC and saline groups, including Nostrin (nitric oxide synthase traffic inducer) did not show significant alterations on the level of gene transcript (Nostrin/Hprt 'housekeeping' gene transcript, mean± S.D.; poly IC, 1.13 ± 0.18; saline 1.12 ± 0.26, N = 4/group). Lack of significant differences between poly IC and saline groups was further confirmed when instead of Hprt the18S rRNA was used for normalization (data not shown). Similarly, when RNA quantification was done specifically on prefrontal cortex tissue, differences in Nostrin or Disc1 RNA levels between poly IC-and saline-exposed animals were subtle (b 20%) and in part dependent on the choice of housekeeping gene (Fig. S2) .
Acute activation of IL-6 signaling alters H3K4me3 at many TSS in brain tissue
As mentioned above, poly IC administration to the pregnant dams in this study was associated with a large rise -approximately two or three orders of magnitude -in circulating IL-6 levels, a finding which is consistent with the critical role of this and related cytokines for defective neurodevelopment, and other medical sequelae in the affected offspring (Samuelsson et al., 2006; Smith et al., 2007; Hsiao and Patterson, 2011; Pacheco-Lopez et al., 2011) . In the human brain, IL-6R immunoreactivity has been reported in both undifferentiated neurons during earlier stages of pregnancy as well as in cortical pyramidal neurons at later stages of pregnancy and in the adult (Dame and Juul, 2000) . Furthermore, the gp130 protein is expressed in neurons and glia of rat and human brain (Watanabe et al., 1996; Ringheim et al., 1998) , which is of interest given that the IL-6 cytokine family signals via glycoprotein 130 (gp130); when IL-6 binds to its cognate receptor, IL-6R, then there is homodimerization with two gp130 subunits (Taga and Kishimoto, 1997) . Therefore, we asked whether IL-6 was capable of modulating H3K4me3 on an acute time-scale in a model of the central nervous system. To this end, we exposed primary culture of rat embryonic forebrain to IL-6 and its cognate receptor, IL-6R, and measured levels of H3K4me3 genomewide employing ChIP-Seq.
To establish the dose range of IL-6 and IL-6R that has an effect on transcription in the rat forebrain culture system, cells were treated with 5, 10, 50, 100, or 150 ng/ml IL-6 and IL-6R for 12 h and the expression of a positive control gene -Gfap -was measured with qRT-PCR and Western blot. Transcript and protein levels demonstrated a concentration-dependent increase in both undifferentiated and differentiated cells compared to control. Fold-changes of Gfap mRNA in undifferentiated cells ranged from 6 to 245-fold and from 0.49 to 8-fold in differentiated cells. Co-treatment with a constant dose of IL-6 neutralizing antibody completely blocked the IL-6/IL-6R-induced increase of Gfap mRNA levels at lower doses and partially blocked the increase at the higher doses (Fig. S3) . The 12 h treatment had no discernable effect on cell viability at any dose. Based on these findings, the 100 ng/ml dose was selected for use in further experiments. Indeed, treatment for 12 h with IL-6/IL-6R resulted in increased H3K4me3 levels at 33 genes ≥1.5-fold (149 genes ≥ 1.2-fold), while 38 genes 
* poly(I:C) saline had decreased H3K4me3 ≤−1.5-fold (60 genes ≤−1.2-fold) (Fig. 6 ).
The heatmap in Fig. 6A depicts all genes with fold-changes of 1.5 or greater in either direction. The largest IL-6 induced H3K4me3 increase (3.2-fold; p = 1.94
) was observed for the Suppressor of cytokine signaling 3 (Socs3) gene (Fig. 6B) . There was no overlap with the list of genes showing subtle alterations in adult cortex of poly IC-exposed animals, which would suggest that at some genomic loci, the effects of maternal immune activation on histone methylation levels on the prenatal brain are transient but without evidence for persistent dysregulation in adulthood.
Discussion
The goal of the present study was to explore potential changes in transcriptomes and epigenomes of the adult cerebral cortex after exposure to maternal immune activation via the viral nucleic acid mimic, poly IC. Consistent with earlier reports, we observed that acute poly IC administered at E12.5 and E17.5 elicits (1) robust changes in serum cytokine levels in at least some of the dams and (2), for litters exposed at E17.5, significant deficits in working memory in adult animal . However, in the adult cerebral cortex, the molecular signature of prenatal poly IC was surprisingly subtle, because no significant differences from controls were observed for the transcriptome and the H3K4me3 epigenome. Likewise, changes in the H3K4me3 were overall subtle, with only 24 annotated transcription start sites showing a significant difference between poly IC and saline exposed animals prior to correction for multiple comparison, and none survived the correction. Smith et al. (2007) recently reported that the transcriptome from rostral cerebral cortex (adult) exposed to E12.5 poly IC shows significant changes for fewer than 60 gene transcripts. Taken together, these findings clearly demonstrate that prenatal poly IC results in reproducible behavioral deficits in the adult, while the molecular pathology, at least in the cerebral cortex, remains surprisingly subtle. However, this conclusion may not be too surprising. Indeed, there is ample evidence that even severe cortical dysfunction in the context of neurological or neuropsychiatric disease is not necessarily associated with robust changes in gene expression. To mention just one additional example, both inhibitory (Chao et al., 2010) and excitatory (Dani et al., 2005) neurotransmissions are severely compromised in the cortex of methyl-CpG-binding protein 2 (Mecp2, Rett Syndrome, OMIM 312750) deficient mice yet changes on the transcriptome level are minimal and with the exception of one or two genes, without significance (Tudor et al., 2002) . It remains to be determined whether prenatal poly IC elicits a stronger molecular alteration in brain regions other than the cerebral cortex, with the hippocampus as one of the candidate regions for poly IC-related molecular and structural pathology .
The findings reported here do not imply that cerebral cortex operates properly after prenatal poly IC. Indeed, there is ample evidence that adult cerebral cortex is functionally impaired. For example, there is widespread disruption of proper neuronal synchronization in prefrontal-hippocampal networks (Dickerson et al., 2010) , and deficits in prefrontal dopamine D1 receptor density and inhibitory (GABAergic) interneuron neurochemistry , and hippocampal loss of presynaptic marker proteins (Oh-Nishi et al., 2010) . These changes were not always associated with alterations in neuronal numbers (Oh-Nishi et al., 2010) . In the absence of robust changes in gene expression, it remains to be determined whether post-transcriptional and -translational mechanisms controlling protein expression and function contribute to the behavioral and neurological sequels of prenatal poly IC exposure in adult offspring.
However, litter-to-litter variability in the maternal immune response to poly IC and within-litter differences, including the levels of activated cytokines and immune complexes to which each fetal brain was exposed (Fig. 1E) , could also have contributed to the largely negative findings of the present study. It is now thought that poly IC-mediated upregulation of IL-6 expression in the placenta is a key event in pathophysiological cascade leading to altered neurodevelopment in offspring (Hsiao and Patterson, 2011) . Therefore it remains possible that numerous factors in the fetal/maternal unit, including disruption of blood circulation and altered endocrine status Hsiao and Patterson, 2011) could intersect with, or modulate poly IC-mediated cytokine signaling in the fetus. However, presently no molecular or genetic tools are available to determine retrospectively in adult brain tissue the extent or intensity of MIA during prenatal development, and thus the extent of potential brain-to-brain specific variabilities in MIA exposure remains unresolved. To this end, the IL-6 sensitive primary culture from embryonic rat forebrain of the present study provides an important alternative to the whole animal/in vivo system. The fact that the strongest histone methylation change after IL-6 occurred at Socs3, encoding a protein with a key role in suppressing cytokine pathways after their excessive activation (Starr et al., 1997; Yang et al., 2004; Babon and Nicola, 2012) , speaks to the importance of epigenetic mechanisms in the fine-tuning of the neuronal and glial response to activated immune or inflammatory systems. ). Note the atypical pattern of H3K4me3, which encompasses the entire Socs3 gene and surrounding region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Finally, it is important to mention that the current study was limited to the profiling of steady state levels and distribution pattern of RNA and H3K4me3. It remains possible that the molecular signatures of poly IC exposure in otherwise unchallenged offspring are grossly normal at baseline (as reported in the present study), yet become abnormal after exposure to stress, and/or in conjunction with DNA sequence variants and mutations of susceptibility genes. Indeed, prenatal poly IC exposure triggers profound behavioral and molecular alterations in mice expressing a dominant negative form of Disc1 (Abazyan et al., 2010) . It is likely that in the nearby future, other examples for such poly IC-mediated 'unmasking' of genetic susceptibility factors will be described (Meyer and Feldon, 2012) . Conversely, the epigenetic (H3K4me3) alterations at Disc1 and other loci, as observed in the poly IC exposed wildtype cortex of the present study, could confer susceptibility to an abnormal stress response or subtle deficits in cognition (including working memory) without affecting baseline levels of the corresponding gene transcripts.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.schres.2012.06.037.
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